Schwann cells are attractive candidates for repair of the injured spinal cord. Transplanted Schwann cells are permissive to regeneration, but their ability to promote regeneration into distal spinal cord remains weak despite their production of growth-promoting neurotrophins. Schwann cell activation such as that which accompanies peripheral nerve injury results in massive upregulation of the p75 NTR pan-neurotrophin-receptor. Here we test the hypothesis that this p75 NTR upregulation following dorsal root injury limits availability of endogenous neurotrophin to axons and restricts regeneration of injured axons into the spinal cord. We injured dorsal roots (fourth cervical to second thoracic) in mice lacking the neurotrophin-bindingdomain of p75 NTR and in wild-type littermates. Axonal regeneration was assessed by selective tracing of neurotrophin-responsive and non-responsive dorsal root ganglion neurons. Functional reinnervation of the spinal cord was assessed in behavioural experiments and via Fos immunohistochemistry following formalin injection into the forepaw. We also measured levels of nerve growth factor and neurotrophin-3 following nerve injury in knockout and wild-type mice, and used Trk-Fc receptor chimeras to block nerve growth factor and neurotrophin-3 signalling in dorsal root ganglion/Schwann cell co-cultures and following dorsal root injury in vivo. The roles of neuronal and glial p75 NTR were assessed in transplant experiments in vivo and in co-cultures. We found that nerve growth factor and neurotrophin-3-responsive axons regenerated into the spinal cord of p75 NTR knockout mice where they made functional connections with dorsal horn neurons. Despite equivalent levels of nerve growth factor and neurotrophin-3 in wild-type and knockout mice, successful regeneration in knockouts was neurotrophin-dependent. Transplantation of p75 À/À neurons into a wild-type environment, p75 À/À peripheral nerve grafts into the injured p75 +/+ spinal cord, and dissociated sensory neuron/Schwann cell co-cultures showed that the absence of p75 NTR from glia, not from neurons, promotes regeneration. These findings indicate that Schwann cell p75 NTR restricts neurotrophin availability to the extent that it prevents spontaneous sensory axon regeneration into the spinal cord. The implication is that inactivating p75 NTR in Schwann (or olfactory ensheathing) cells may enable axons to grow beyond transplants, improving the outcome of spinal cord injury.
Introduction
Neurotrophins such as nerve growth factor and neurotrophin-3 are potent inducers of neurite outgrowth when applied to adult sensory neurons in vitro (Gavazzi et al., 1999) . However, neither nerve growth factor nor neurotrophin-3 are required for peripheral regeneration of sensory axons in vivo; after peripheral nerve injury, regeneration occurs normally in the presence of nerve growth factor and neurotrophin-3 function-blocking antibodies (Diamond et al., 1987 (Diamond et al., , 1992 . Similarly, peripherally-injured motor axons do not require endogenous neurotrophins for successful elongation (Streppel et al., 2002) . Thus, while neurotrophins are clearly sufficient for axonal regeneration (as demonstrated by their effects in vitro), they are not necessary for regeneration of injured peripheral nervous system (PNS) axons in vivo.
More definitive roles for endogenous neurotrophins during peripheral nerve regeneration in the adult include apoptosis of supernumerar Schwann cells (Soilu-Hanninen et al., 1999; Syroid et al., 2000) , Schwann cell migration (Yamauchi et al., 2004) and myelination (Chan et al., 2001; Cosgaya et al., 2002) . These are mediated by Schwann cell-derived neurotrophins (Raivich and Kreutzberg 1987; Funakoshi et al., 1993) , and the p75 pan-neurotrophin receptor (p75 NTR ), which is robustly upregulated by reactive Schwann cells after peripheral nerve injury (Taniuchi et al., 1986) .
Unlike the expression of p75 NTR by Schwann cells, the expression of neurotrophin receptors by sensory neurons (including p75 NTR , nerve growth factor-binding TrkA and neurotrophin-3-binding TrkC) remains relatively unaffected (Ernfors et al., 1993) , or is downregulated (Zhou et al., 1996; Krekoski et al., 1996; Bergman et al., 1999) following nerve injury. Therefore, increased Schwann cell p75 NTR might be expected to sequester endogenous neurotrophins, reducing their availability for axonal Trk signalling. This notion is supported by enhanced regeneration of injured peripheral motor axons in mice lacking the neurotrophin-binding domain of p75 NTR (Ferri et al., 1998; Boyd and Gordon 2001) . Such a neurotrophin-sequestering mechanism is also particularly germane to studies of Schwann cell transplantation for spinal cord injury-it may at least partially explain why axons fail to grow from the transplant site back into the spinal cord (Fortun et al., 2009) . Since exogenous neurotrophins (nerve growth factor and neurotrophin-3 in particular) promote regeneration of sensory axons from the PNS into the spinal cord following dorsal root injury, we hypothesized that regeneration of these axons would be enhanced in the absence of p75 NTR . We show that mouse sensory axons, under the influence of endogenous nerve growth factor and neurotrophin-3, regenerate into the spinal cord and restore function in the absence of the neurotrophin-binding domain of p75 NTR . To determine the relative roles of axonal and glial p75
NTR on regeneration, we transplanted p75 +/+ and p75 
Dorsal rhizotomy
For general information on surgical procedures, see online Supplementary material. A left dorsal laminectomy exposed the dorsolateral cervical spinal cord, and the dura mater was opened with iris scissors. In early experiments on untreated animals surviving for 1 week, the C4-T2 dorsal roots were crushed repeatedly with fine forceps (#5) (three times, 10 s each). In these experiments, we found that more animals had to be excluded from analysis due to axon sparing, as evident from tracer-labelled terminals in the deeper dorsal and ventral horns, even in wild-type animals. In the remaining studies, therefore, roots were completely transected with small spring scissors, resulting in more consistent deafferentation. Treatments included: fibrin glue alone (n = 6/genotype), fibrin glue + TrkA-Fc (n = 10 p75 À/À mice), fibrin glue + TrkC-Fc (n = 10 p75 À/À mice), fibrin glue + neurotrophin-3 (n = 4 mice of each genotype), or fibrin glue + nerve growth factor (n = 4 mice of each genotype). Fibrin glue was prepared as previously described (Scott et al., 2005) . TrkC-Fc or TrkA-Fc (R&D Systems) was combined with fibrin glue and applied to the spinal cord at final concentrations of 100 mg/ml (TrkC-Fc: n = 4; TrkA-Fc: n = 5) or 1 mg/ml (TrkC-Fc: n = 6; TrkA-Fc: n = 5). Neurotrophin-3 and nerve growth factor (gifts of Rinat Neuroscience Inc.) were combined with fibrin glue for a final delivery concentration of 100 mg/ml. Two days prior to sacrifice, the median nerve was injected with 1% cholera toxin B (CTB) fragment (List Biological Laboratories), 5% wheat germ agglutinin (WGA) (Vector Laboratories), and 2% isolectin-B4 (Vector) via a Hamilton syringe. Mice were killed 7 (vehicle and Trk-Fc treatments) or 28 days (untreated) post-surgery.
Behaviour
All behavioural experiments were carried out by an individual who was unaware of mouse genotype. In 10 p75 +/+ and 11 p75 À/À mice, we assessed response threshold to progressive punctate force (Dynamic Plantar Aesthesiometer, Ugo Basile, cut-off = 3 g), response latency to a cooling stimulus (5 ml acetone squirt, cut-off = 60 s) of the ipsilateral forepaw before and 4 weeks following rhizotomy according to previously published procedures (Ramer et al., 2007) . Due to the smaller number of DRG neurons in p75 À/À mice, their impaired mechanotransduction and heat sensitivity, and the resultant behavioural differences between uninjured p75 +/+ and p75 À/À mice (Bergmann et al., 1997; Stucky and Koltzenburg 1997) , responses at 4 weeks were expressed as a difference score (ipsilateral minus contralateral). For the formalin test, uninjured (n = 4/genotype) or rhizotomized (4 weeks earlier) p75 +/+ (n = 9) or p75 À/À (n = 7) mice were acclimatized for 1 h in a clear ventilated box above a 45 mirror, then lightly anaesthetized ($30s) with 3% isoflourane. 5 ml of 2% formalin was injected into the ipsilateral palmar forepaw. The time the mice spent licking or biting the injected paw was recorded for 1 h. Mice were killed 2 h post-injection. Statistical analyses are described in Supplementary material.
DRG transplants
The dorsal roots (C6-C8) of 8 male Sprague Dawley rats (200-250 g; n = 4 per group) were exposed and crushed repeatedly with fine forceps (#5). The attached DRG was injected with 2 ml of Dubelco's modified Eagle's medium (Invitrogen) containing dissociated DRG neurons (40 000 cells/ml) isolated from eGFP-expressing p75 +/+ or p75
littermates. Injected rats received cyclosporin A (Novartis Pharmaceuticals, 10 mg/kg/day, i.p.) for 2 days before and immediately after surgery. Rats then received cyclosporin A in their drinking water (150 mg/l) until they were killed 2 weeks later.
Dorsal column injury and peripheral nerve grafting
Nerve grafts were prepared from either p75 +/+ or p75 À/À mouse donors which received a unilateral sciatic nerve ligation 1 week earlier.
The pre-degenerated sciatic nerve was removed, bathed in ice-cold Hank's balanced salt solution (Invitrogen) and cut into 1-2 mm pieces. A 1-2 mm segment of the thoracic dorsal columns was excised from p75 +/+ mice. The peripheral nerve graft was implanted into the cavity and covered with fibrin glue. Host mice (n = 9 with p75 +/+ grafts; n = 5 with p75 À/À grafts) were treated with cyclosporin A (10 mg/kg/day, i.p.) until they were killed 28 days later. Hosts' sciatic nerves were injected with 1 ml of 1% CTB via a Hamilton syringe 3 days prior to sacrifice.
Immunohistochemistry
Animals were euthanized with chloral hydrate (100 mg/kg, i.p.) and perfused with 4% paraformaldehyde. Spinal cords were removed, post-fixed overnight, cryoprotected in 20% sucrose in 0.1 M phosphate buffer for 24 h at 4 C, frozen and stored at À80 C.
Transverse sections (16 mm for mouse tissue; 20 mm for rat tissue) and longitudinal sections (20 mm) were processed immunohistochemically for antigens listed in online Supplementary material. Analysis of regeneration, functional activation of dorsal horn neurons, and statistical analyses are also described in Supplementary material.
Cell culture
Schwann cells were derived from p75 +/+ or p75 À/À sciatic nerves from chloral hydrate (Sigma-Aldrich)-killed mice, and prepared according to procedures detailed in Supplementary material. Schwann cell cultures were 94-96% pure and were maintained in growth media until confluent. Suspensions of dissociated eGFP-expressing p75 +/+ or p75 À/À DRG neurons (prepared as described in Supplementary material) were plated (10 000 cells/ml, 200 ml/well) on schwann cell monolayers, and maintained at 37 C for 18 h. In some cultures, a mixture of TrkA-Fc and TrkC-Fc (500 ng/ml) was added. Cells were then rinsed with cold phosphate buffered saline, fixed with 4% paraformaldehyde (VWR) for 20 min, washed and stored in phosphate buffered saline at 4 C prior to immunocytochemistry.
Immunocytochemistry
Cultures were washed repeatedly with phosphate buffered saline before being incubated in 10% normal donkey serum for 1 h. Antibodies and image analysis are described in Supplementary material.
Western blots
We analysed nerve growth factor and neurotrophin-3 protein levels in three-day injured sciatic nerves from p75 +/+ and p75 À/À mice as described in Supplementary material.
Results
Injured sensory axons regenerate into the spinal cord in p75 À/À mice p75 NTR immunohistochemistry in wild-type mice 7 days following dorsal root crush illustrates the substantial upregulation of the receptor in Schwann cells following dorsal root axotomy that leads to axonal p75 NTR downregulation (Verge et al., 1992) , and elimination of most p75 NTR -positive axon terminals from the dorsal horn (Fig. 1A ). Seven and twenty-eight days following multiple rhizotomy (C4-T2 dorsal root transection, which eliminates all sensory input to the spinal cord from the forelimb), p75 +/+ neurotrophin-3-responsive mechanosensory and proprioceptive axons labelled by intraneural CTB injection (McMahon et al., 1994; Wright and Snider, 1995; Tong et al., 1999) had rarely penetrated the CNS. In contrast, CTB-labelled p75 À/À axons had grown significantly farther into the CNS by 7 days post-injury (representative image shown in Fig. 3A ), and by 28 days had not only extended through degenerating white matter (Fig. 1B , E), but had also successfully entered the superficial dorsal horn (7 days, n = 6/group, P50.001; 28 days, n = 4/group, P = 0.013).
There was no evidence of Schwann cell migration into the cord from the dorsal roots in either genotype. Note that 'minimum distances'-the straight-line distances between the nearest PNS tissue and labelled axon endings-are reported, and are thus highly conservative estimates of the extent of regeneration. Intraneural injection of WGA, which is transported primarily along nerve growth factor-responsive small-calibre peptidergic nociceptors (Swett and Woolf, 1985; McMahon et al., 1994; Wright and Snider, 1995) , was also used to assess regeneration. Rhizotomized, WGA-labelled p75 +/+ axons rarely entered the spinal cord ( Fig. 1C and D) . On the other hand, p75
WGA-labelled axons had successfully penetrated the cord by both 7 days (representative image shown in Fig. 3A ) and 28 days post-injury (7 d, n = 6/group, P = 0.002; 28 d, n = 4/group, P50.001), at which point axons had also entered grey matter. Interestingly, axons that had regenerated did so at a constant rate for 4 weeks following injury (regeneration distance at 4 weeks following injury was four times that at 1 week following injury), possibly supporting a role for axonal p75 NTR in transducing inhibitory myelin signalling (Wang et al., 2002) . Transganglionic tracing of non-peptidergic nociceptors with the isolectin-B4 plant lectin revealed that by 7 days post-rhizotomy, very few Trk-negative axons had regenerated beyond the lesion site in either genotype, and by 28 days none had traversed the PNS:CNS interface ( Fig.  1D ), indicating that the regeneration-suppressing effects of p75 NTR are limited to Trk-expressing neurons.
A possible mechanism underlying the regenerative response of Trk-expressing axons in p75 À/À mice is elevated neurotrophin production compared with wild-type mice. We therefore analysed nerve growth factor and neurotrophin-3 production in injured sciatic nerves from each genotype. We chose a 3 day timepoint, since axons in injured dorsal roots will have reached the dorsal root entry zone by 3 days post-rhizotomy. Western blot analysis of nerve growth factor and neurotrophin-3 revealed that they were present in comparable amounts in knockout and wild-type mice (Fig. 1F) . Therefore, elevated neurotrophin levels are not responsible for successful regeneration in p75 À/À mice. These data also indicate that p75 NTR is unlikely to regulate neurotrophin expression in an injured peripheral nerve.
Regeneration is accompanied by functional recovery in p75 À/À mice
We next investigated whether anatomical regeneration in p75
mice was accompanied by return of function. We assessed forepaw responsiveness to progressive punctate force (using the Ugo Basile Dynamic Plantar Aesthesiometer) in intact mice and those which received C4-T2 dorsal rhizotomy 4 weeks earlier ( Fig. 2A) .
In intact animals, withdrawal thresholds were significantly greater in p75 À/À mice (P = 0.04, n = 10 p75 +/+ and 11 p75 À/À mice), as has been reported previously (Bergmann et al., 1997) . The majority of rhizotomized p75 +/+ mice did not respond to progressive punctate force by the cut-off (3 g). p75 À/À mice responded at a significantly lower threshold (P = 0.003). We also assessed response latency to a cooling stimulus (topical acetone, Fig. 2B ). While there was a slight preoperative difference between genotypes (P = 0.17), rhizotomized p75 À/À mice responded with a significantly shorter latency than did p75 +/+ mice (P50.001), of which the majority failed to respond before the 60 s cut-off. In both tests, contralateral responses did not differ from preoperative values.
In two other groups of mice, we stimulated nociceptive terminals in the palmar forepaw with a 5 ml subcutaneous injection of 2% formalin. Formalin injection typically leads to a biphasic nocifensive response [5-10 min first phase, 5-10 min interphase and 60-90 min second phase (Sawynok and Liu, 2004) ]. The small volume and titre used here produced only a first phase, which was equivalent in uninjured p75 +/+ and p75 À/À mice (Fig. 2C ).
While spontaneous licking behaviour occurred in septuply rhizotomized mice ($10-50 s per 10 min interval), in wild-type mice the formalin-evoked response was eliminated (n = 5). In contrast, in septuply rhizotomized p75 À/À mice, there was a delayed and prolonged formalin response beginning between 10 and 20 min post-injection and lasting for the remainder of the testing period (n = 7, P = 0.002). The apparent amplification of the second phase of the formalin response in regenerated p75 À/À mice is consistent with increased nerve growth factor availability: exogenous nerve growth factor amplifies the second phase in rats (Kerr et al., 1999) .
To determine whether return of nociception in p75 À/À mice was correlated with primary afferent activation of second-order spinal cord neurons, we examined expression of the transcription factor Fos following subcutaneous formalin injection (Hunt et al., 1987) . Fos upregulation occurs as a result of high-intensity noxious primary afferent stimulation and is a reliable indicator of connectivity between nociceptive sensory axons and dorsal horn neurons. In intact formalin-injected p75 +/+ and p75 À/À mice, Fosimmunoreactive nuclei were present throughout the ipsilateral dorsal horn but most numerous in laminae I and II (n = 4/genotype) ( Fig. 2D and E) . Fos expression in formalin-injected p75 +/+ mice 28 days following rhizotomy was nearly abolished. Fos-positive nuclei in the p75 À/À dorsal horn following formalin injection were significantly more abundant following the equivalent recovery time (n = 5/group; P50.001), although their distribution was mainly restricted to superficial laminae. These results indicate that regenerating axons re-connected with spinal targets.
Successful regeneration in p75 À/À mice depends on endogenous neurotrophins
In a direct test of the neurotrophin-dependence of successful regeneration in p75 À/À mice, we applied nerve growth factor-sequestering TrkA-Fc, or neurotrophin-3-sequestering TrkC-Fc to the spinal cord concomitant with dorsal rhizotomy. At low (100 mg/ml) or high (1 mg/ml) concentrations, TrkC-Fc attenuated regeneration of large-diameter axons in p75 À/À mice (low dose, n = 4, P = 0.01; high dose, n = 6, P50.001) (Fig. 3A and B), in agreement with endogenous TrkC receptor distribution on myelinated sensory neurons (McMahon et al., 1994; Wright and Snider, 1995) . TrkA is also expressed in a subset of myelinated axons (Karchewski et al., 1999) , and regeneration was accordingly reduced in mice treated with low or high doses of TrkA-Fc (low dose, n = 5, P = 0.001; high dose, n = 5, P = 0.003).
WGA-labelled p75 À/À axon regeneration was reduced with a high dose of TrkC-Fc ( Fig. 3A and B ; n = 6, P = 0.006), most likely reflecting neurotrophin-3 sensitivity of some nociceptive axons (McMahon et al., 1994; Karchewski et al., 1999) . Regeneration was also significantly reduced with both doses of TrkA-Fc (low dose, n = 5, P = 0.011; high dose, n = 5, P50.001), indicating that nerve growth factor is primarily responsible for regeneration of this population of axons in the absence of treatment (McMahon et al., 1994; Karchewski et al., 1999) . These effects of neurotrophin-3 and nerve growth factor sequestration demonstrate that spontaneous regeneration in p75 À/À mice is neurotrophin-dependent. Since the amount of nerve growth factor and neurotrophin-3 protein was equivalent between genotypes ( Fig. 1F) , these data provide evidence for either increased sensitivity of p75 À/À axons to neurotrophins, or increased effective neurotrophin availability to axons in the absence of p75 NTR . The remaining experiments were aimed at distinguishing between these two possibilities.
Regeneration of primary afferent axons in p75
À/À mice is only marginally augmented with the addition of neurotrophic factors
Intrathecal delivery of neurotrophins results in improved regeneration into the CNS following rhizotomy (Ramer et al., 2000) . To determine whether axons in p75 À/À mice were more sensitive to neurotrophins, we first investigated whether exogenous neurotrophin-mediated regeneration could be further enhanced in the absence of p75 NTR . Immediate treatment with neurotrophin-3 in p75 +/+ mice resulted in significant regeneration of CTB-labelled axons across the PNS:CNS interface, but did not further increase axonal regeneration in p75 À/À mice (Fig. 3C) . In both p75 +/+ mice and p75 À/À mice, CTB-labelled axons did not respond significantly to nerve growth factor treatment. Since neurotrophin-3 did not augment regeneration in p75 À/À mice, this implies either that the absence of p75 NTR renders large-diameter axons unresponsive to neurotrophin-3, or more plausibly (given the regeneration-reducing effect of TrkC-Fc treatment) that neurotrophin-3 is already present in saturating amounts.
Figure 3 Regeneration in p75
À/À mice is neurotrophindependent. (A, B) Low, and to a greater extent, high doses of TrkC-Fc prevented regeneration of CTB-labelled primary afferent axons in p75 À/À mice (arrows). Likewise, low and high doses of TrkA-Fc also inhibited CTB-labelled axon regeneration. All treatment groups had significantly less regeneration of CTB-labelled axons than vehicle-treated p75 À/À mice. Regeneration of WGA-labelled sensory axons (arrows) was not diminished in p75 À/À mice, treated with a low dose of TrkC-Fc, but was significantly below vehicle levels in those treated with a high dose. p75 À/À mice treated with low and high doses of TrkA-Fc showed a significant reduction in WGA-labelled axonal regeneration compared to those with vehicle treatment. Scale bar: 25 mm. (C) Regeneration of primary afferent axons in p75 À/À mice is only marginally augmented with the addition of neurotrophic factors. CTB-labelled axon growth 7 days post-injury was enhanced with neurotrophin-3 treatment in p75 +/+ mice (n = 4) but not in p75 À/À mice (n = 4) (vehicle treatment: n = 6). Nerve growth factor treatment failed to improve regeneration of CTB-labelled axons in both p75 +/+ mice and p75 À/À mice. Neurotrophin-3 treatment significantly enhanced WGA-labelled axonal growth in p75 +/+ mice, but did not further enhance axonal growth in p75 À/À mice. Nerve growth factor treatment promoted regeneration of WGA-labelled axons in both p75 +/+ mice and, to a lesser extent, in p75 À/À mice. Ã = significant differences between p75 +/+ and p75 À/À mice; † = differences between neurotrophin-treated and vehicle-treated groups.
Neurotrophin-3 treatment augmented regeneration of (presumably large-diameter) WGA-labelled axons in p75 +/+ mice, but not in p75 À/À mice (Fig. 3c) (He and Garcia, 2004; Wehrman et al., 2007) . To determine the influence of axonal p75 NTR on regeneration of sensory axons into the CNS, we transplanted dissociated, purified eGFP-expressing p75 +/+ or p75
DRG neurons into rhizotomized rat DRGs. We have used this technique previously to show that axons extending from transplanted neurons behave in the same way as endogenous axons in that they fail to cross the dorsal root entry zone following rhizotomy, and that neurotrophin-3 can promote their regeneration into the spinal cord (McPhail et al., 2005) . Previous experiments examining the phenotypic distribution of dissociated neurons in culture have shown that it closely reflects the distribution in vivo (Gavazzi et al., 1999) , and in cultures of neurons prepared identically to dissociated neurons used for injection, we found no difference in size-distribution or the proportion of neurons expressing TrkA between genotypes (Fig. 4A) . Furthermore, the proportion of TrkA-positive neurons ($30%) roughly corresponded to that found in adult mouse DRGs in vivo (43%) (Molliver and Snider, 1997) . Irrespective of genotype, by 2 weeks post-rhizotomy, eGFP-positive axons had arrived at, but had not penetrated, the astroglial scar at the dorsal root entry zone ( Fig. 4A-C) . Therefore, it is the absence of p75 NTR from Schwann cells, not axons, that allows for spontaneous regeneration in p75 À/À mice.
To corroborate the finding that the absence of p75 NTR from
Schwann cells but not axons enhances regeneration, we transplanted pre-degenerated nerve grafts from p75 À/À mice into a 1-2 mm long cavity in the thoracic dorsal columns of p75 +/+ mice. In this case, p75 NTR is expressed on neurotrophin-3-responsive ascending mechanoreceptive and proprioceptive sensory axons, but is absent from the graft: in essence, this represents the converse experiment to that described above. As has been described in rats (Oudega et al., 1994) , very few CTB-labelled sciatic nerve axons had penetrated p75 +/+ grafts by 4 weeks post-injury ( Fig. 4C and D) . In contrast, significantly more CTB-labelled axons had invaded p75 À/À grafts (n = 5 per genotype, P = 0.04). It is noteworthy, though unsurprising, that regeneration into p75 À/À grafts was less robust than that across the PNS:CNS interface in p75 À/À mice. In the spinal cord, injured axons are not directly exposed to a Schwann cell-containing environment and so do not benefit to the same extent from Schwann cell-derived factors as those injured within the dorsal root.
p75 À/À Schwann cells enhance neurotrophin-dependent regeneration in vitro
The in vivo effects of p75 NTR deletion suggest that endogenous Schwann cell-derived neurotrophins effect spontaneous regeneration into the spinal cord. To test this hypothesis, we cultured adult eGFP-expressing p75 +/+ DRG neurons on purified, confluent sciatic Schwann cell cultures from p75 +/+ or p75 À/À mice. p75
Schwann cell cultures bore no obvious differences in morphology or density from p75 +/+ cultures (Fig. 5C ). More neurons on p75
Schwann cells had neurites, and branching was twice that which occurred on p75 +/+ Schwann cells ( Fig. 5A, B ; n = 4 cultures/ group; P = 0.005). The addition of TrkA-Fc and TrkC-Fc to the media reduced neurite outgrowth on p75 À/À Schwann cells to that on p75 +/+ Schwann cells ( Fig. 5A, B ; n = 4 cultures). Neurite outgrowth in wild-type cultures was unaffected by Trk-Fc treatment, in agreement with previous in vivo results using function-blocking antibodies against nerve growth factor and neurotrophin-3 (Diamond et al., 1987 (Diamond et al., , 1992 . These results indicate that enhanced outgrowth on p75 À/À Schwann cells, like successful regeneration in vivo, is neurotrophin-dependent.
To establish the relative contribution of neuronal versus glial p75 NTR on neurite outgrowth further, we cultured p75 À/À neurons on wild-type Schwann cells in the presence or absence of Trk-Fc (n = 4 cultures). Neurite number did not differ between neuronal genotypes on p75 +/+ Schwann cells (1.6 AE 0.4 for p75 +/+ neurons versus 1.5 AE 0.6 for p75 À/À neurons). Trk-Fc treatment also did not significantly reduce neurite number for p75 À/À neurons on p75 +/+ Schwann cells (0.9 AE 0.2). These data confirm those from DRG transplantation experiments described above, that the absence of p75 NTR from neurons has no bearing on successful regeneration.
Discussion p75 NTR is a point of convergence for multiple signalling processes in the nervous system, many of which are functional rivals. It acts as a receptor for neurotrophins to regulate survival, neurite outgrowth and myelination; for pro-neurotrophins to mediate apoptosis; and for myelin-associated inhibitory proteins to restrict plasticity and regeneration (Barker 2004; Gentry et al., 2004) . We now show a regeneration-prohibitive role for Schwann cell-expressed p75 NTR . The underlying mechanism involves competition for endogenous neurotrophins between reactive Schwann cells and axonal Trk receptors (Fig. 6) (Johnson et al., 1988) . The role of neurotrophins in peripheral nerve regeneration, and the validity of the presentation model, has come into question before. While exogenous neurotrophins clearly enhance regeneration of sensory axons [particularly evident from studies using dorsal rhizotomy as a model (Ramer et al., 2000) ], there appears to be little requirement for endogenous neurotrophins in naturally occurring regeneration in the PNS. For example, axotomized TrkAand TrkC-expressing nociceptive and mechanosensitive axons reinnervate their peripheral targets normally in the presence of antibodies that block neurotrophin-mediated collateral sprouting (Diamond et al., 1987 (Diamond et al., , 1992 . The findings of the present study show that, far from presenting neurotrophins to regenerating axons, Schwann cell-expressed p75 NTR actually reduces their availability. p75 NTR -neurotrophin-Trk interactions are probably quite different on axons. There is now good structural evidence for a presentation or 'ligand-passing' model in which an axonal p75 NTR dimer binds a neurotrophin dimer in such a way as to leave a Trk-binding region exposed (He and Garcia, 2004; Wehrman et al., 2007) . p75 NTR then passes neurotrophin to an adjacent
Trk monomer, at which point a second Trk monomer is recruited to initiate signalling. Given the close association between receptors in lipid rafts required for this cis interaction on the axonal membrane (Higuchi et al., 2003) , a similar trans ligand-passing mechanism is not likely to occur between more widely separated Schwann cell p75 NTR and axonal Trk receptors. (Syroid et al., 2000; Provenzano et al., 2008) following axotomy (14-fold for mRNA). In rhizotomized DRG neurons, full-length TrkC mRNA expression undergoes a small increase, and TrkA mRNA expression remains unaltered (Ernfors et al., 1993) . The large increase in glial p75 NTR :axonal Trk ratio can therefore be expected to reduce the effective amount of neurotrophins bound by injured axons, and is consistent with neurotrophin-dependent regeneration in p75 À/À mice.
Other previously demonstrated roles of p75 NTR may also contribute to spontaneous functional regeneration in p75 À/À mice.
One of these involves its participation in Schwann cell apoptosis. Following axotomy, there is induction of Schwann cell proliferation followed by apoptosis (Syroid et al., 2000) , the latter being mediated by autocrine nerve growth factor or pro-nerve growth factor signalling through p75 NTR . In the absence of p75 NTR , Schwann cell death following peripheral nerve injury is significantly reduced and regeneration is improved (Soilu-Hanninen et al., 1999; Boyd and Gordon, 2001; Hirata et al., 2001; Petratos et al., 2003 (Ferri et al., 1998; Boyd and Gordon, 2001) which show that axonal regeneration after injury in the periphery is enhanced in the absence of p75 NTR . A further study shows no difference in regeneration between p75 À/À and p75 +/+ mice following facial nerve injury (Gschwendtner et al., 2003) . Unlike dorsal root injury, disconnection of sensory and motor axons from peripheral targets dramatically changes their gene expression profile (Bradbury et al., 2000) . Thus, it is difficult to conclude much about the role of p75 NTR in peripheral nerve injury studies given changing parameters of multiple cell types. This is not the case following rhizotomy, in which changes in the axonal environment (i.e. Schwann cell reactivity) can be largely dissociated from changes intrinsic to the neurons themselves. An important finding of the present work is that axonal p75 NTR brings little to bear on regeneration failure at the dorsal root entry zone. This is supported by previous work showing that neither sensory nor corticospinal axons regenerate across the astroglial scar in p75 À/À mice following dorsal column injury (Song et al., 2004) . If exposed to neurotrophins (either exogenous or, as in the present case, endogenous), axons cross the scar quite readily Ramer et al., 2000 Ramer et al., , 2002 . Once on the other side, there is the question of whether the myelin-associated inhibitory proteins-signalling role of axonal p75 NTR (Wang et al., À/À mice were identical (Scale bar = 50 mm).
2002) becomes important. In the context of increased neurotrophin availability, this is unlikely: once the scar has been traversed, neurotrophin-treated axons continue to regenerate within the distal spinal cord despite expressing p75 NTR Ramer et al., 2000 Ramer et al., , 2002 . This result also reinforces the notion that successful regeneration effected by neurotrophins does not necessarily rely upon their actions at the axon tip, since endogenous neurotrophins within the (p75 À/À ) dorsal root are sufficient to maintain extension into the CNS (Fig. 6) . Likewise, intrathecally delivered neurotrophins prompt sensory axon regeneration into deep grey matter following rhizotomy despite higher concentrations at the pial surface (Ramer et al., 2001 (Ramer et al., , 2002 , and new growth of spinally injured descending axons can be induced by local infusion of neurotrophins in the vicinity of their cell bodies (Kobayashi et al., 1997; Vavrek et al., 2006) .
Due to their ability to support peripheral nerve regeneration, Schwann cells have long been attractive candidates for use in the repair of the injured spinal cord (Bunge, 1994) , and plans are underway at the Miami Project to Cure Paralysis to assess clinically autologous Schwann cells in patients with acute and chronic spinal cord injury. What has become clear, however, is that while Schwann cell grafts are effective at 'permitting' regeneration (i.e. axons enter grafts), they are not as good at 'promoting' regeneration (i.e. axons fail to exit grafts) (Fortun et al., 2009) . The same can be said for olfactory ensheathing gliap75 NTR -expressing cells which are already being tested clinically (Ramer et al., 2004; Richter and Roskams 2008; Mackay-Sim et al., 2008) . This is not unlike the situation at the dorsal root entry zone, where Schwann cells permit growth up to, but do not promote growth beyond, the PNS:CNS interface. Here we have shown that deletion of p75 NTR renders Schwann cells capable of promoting regeneration of axons from the dorsal root into the spinal cord, identifying a viable solution to the 'exit problem' faced by axons entrapped in grafted Schwann cells or olfactory ensheathing glia. The balance between regeneration-promoting and regeneration-inhibiting influences in the CNS is a fine one. The role of p75 NTR as the fulcrum has primarily been considered in light of its expression in neurons, where it is paired with Trks NTR is equally important as it restricts regenerative growth of injured axons by reducing neurotrophin availability.
